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APPLANATION TONOMETRY IS A noninvasive method used to directly assess pulse-wave characteristics in peripheral arteries such as the radial artery. The SphygmoCor is a commercially available device that derives central pressure waveforms from radial tonometry using a generalized transfer function (GTF), which corrects for pressure wave amplification in the upper arm. It also provides an index of pulse-wave reflection and arterial stiffness, the augmentation index (AIx), which represents the difference in amplitude between incident and reflected pulse waves as a percentage of pulse pressure.
Although it has been suggested that central blood pressures may more accurately predict cardiovascular risk than peripheral measures (6) , assessment of aortic pressures during exercise is challenging. Since invasive catheter-based approaches are largely contra-indicated in normal healthy volunteers, the use of tonometry and a GTF presents an attractive alternative. However, it is well established that exercise amplifies systolic pressures and changes the relationship between central and peripheral measurements (11) . In addition, increases in heart rate (HR), distending (mean arterial) pressure, and the release of paracrine hormones within the arterial wall during exercise can all influence arterial wall properties, including artery stiffness (10) . These theoretical considerations bring into question the validity of the tonometry and GTF use for prediction of central pressure wave characteristics during or immediately after exercise.
Several studies have attempted to address the question of the validity of GTF use during exercise by comparing derived central estimates to measures directly obtained from indwelling aortic catheters (12, 14) or, as a surrogate, carotid tonometry (10) . Although some of these studies suggest that GTFs may become unreliable during or following exercise (10, 14) , others conclude that exercise has no impact on radial-to-aortic transfer functions (12) . Webb and colleagues (10) recently suggested that one reason for the disparity between these studies may be that those in which modest changes in HR were evident (e.g., Ref. 12) may not have utilized exercise of sufficient intensity to induce changes in arterial wall stiffness (10) . In addition, most of the invasive catheter studies were undertaken in cardiac patients in whom medications (e.g., ␤-blockers) may have confounded the validity of the GTF during exercise.
In the present study, we adopted an incremental hand-grip protocol, which does not increase brachial blood pressure or HR, to determine whether exercise alters the assessment of central pressures in healthy young subjects. Two exercise bouts were performed using the same hand, with the SphygmoCor placed on either the exercised or nonexercised radial artery immediately after each exercise bout to assess central pressures and augmentation. We hypothesized that, since these exercise bouts were identical, they should induce very similar changes in central pressure waveforms and that the SphygmoCor should therefore derive similar measures regardless of whether it was placed on the active or inactive limb.
METHODS
Eight male subjects (mean Ϯ SD: age 33.1 Ϯ 5.7 yr, height 1.81 Ϯ 0.08 m, weight 86 Ϯ 12 kg) volunteered and provided written, informed consent. Baseline and resting characteristics are shown in Table 1 . Exclusion criteria included any use of medication or illness. The study conformed to the standards set by the Declaration of Helsinki, and ethical approval was obtained from Liverpool John Moores University Ethics Committee.
Design. The subjects came into the laboratory and lay in a supine position on a bed for a minimum of 10 min. The subject then performed hand-grip exercise using a custom-made hand-grip device that allowed the suspension of differing weights. The exercise protocol consisted of three 3-min bouts with 90-s intervening rest periods. The exercise was timed by a metronome with one contraction every 3 s, and the exercise intensities were set at 3 and 5 kg. A final bout of exercise involving 1.5 kg was undertaken during cuff ischemia to provide a further stimulus to local vasodilation (1.5Isch). The ischemic exercise was achieved with a cuff placed around the forearm that was inflated to suprasystolic pressure for 5 min, with the exercise performed in the final 3 min. The subjects then rested for at least 20 min before the protocol was repeated.
During one of the above incremental exercise tests, SphygmoCor measurements were taken from the exercised arm, while the nonexercised arm was used for the alternate measurement. The order of exercised/ nonexercised assessment was randomized. Values were obtained at rest (Rest) and during the 90-s period between each of the exercise intensities (3, 5, and 1.5Isch, respectively). An automatic blood pressure monitor (Dinamap Pro 1000) was placed on the arm for measurements of blood pressure immediately after the exercise bout.
Procedures
SphygomoCor measures. Immediately following the 3-min bout of exercise the SphygmoCor (model SCOR-Px; Atcor Medical, Sydney, Australia) was applied onto the radial artery of either the exercising or nonexercising arm. The hand was put in a dorsiflexed position after the pulse was initially found using the index finger. The SphygmoCor probe was applied firmly to the site of measurement. Once a strong and reproducible waveform was obtained, the probe was kept in this position, and subsequent waveforms were saved for analysis. Our aim was to obtain high-quality waveforms indicated by the operator index. The operator index is used as a quality control measure and is taken from indexes of the average pulse wave, pulse height variation, diastolic variation, shape deviation, and the maximum dP/dt.
Measurement of exercise effects on peripheral vascular tone. To establish that differences between exercised and nonexercised limbs were evident in terms of vascular tone, a subset of six male subjects (age 29 Ϯ 7 yr, height 179 Ϯ 9 cm, and weight 79 Ϯ 11 kg) undertook the same protocol as that described above, with the difference that measurements of brachial and radial artery blood flow measurements were assessed in the 90-s rest periods between bouts. A 10-MHz multifrequency linear array probe attached to a high-resolution ultrasound machine (T3000, Terason, Burlington, MA) was used to assess flow. Ultrasound parameters were set to optimize longitudinal, Bmode images of the lumen/arterial wall interface. Continuous Doppler velocity assessment was also obtained and was collected using the lowest possible insonation angle (always Ͻ60°), which did not vary during each study. Posttest analysis of artery diameter was performed using custom-designed edge detection and wall-tracking software, which is independent of investigator bias (2, 15) . The software automatically detected the peak of the waveform and synchronized it with the artery diameter at 30 Hz. Ultimately, from this synchronized diameter and velocity data, blood flow (the product of cross-sectional area and Doppler velocity) were calculated at 30 Hz.
Data Analysis
An average of 12 s was recorded and then saved to disk. For each condition, a minimum of three 12-s recordings were averaged, and the three with the highest operator index were accepted. A two-way ANOVA was performed using SPSS 10 (SPSS) software to compare the nonexercising and exercising values across all exercise intensities. Post t-tests were used where significance was indicated. From the SphygmoCor, the central and peripheral AIx (%), mean arterial pressure (mmHg), and diastolic and systolic blood pressures (mmHg) were obtained. The central values were calculated using GTFs. Data are presented as means Ϯ SD unless otherwise stated.
RESULTS
There were no significant differences in any of the variables obtained during the rest period preceding each of the experimental conditions. The hand-grip protocol was unlikely to have any significant effect on hemodynamic variables, with no significant difference in HR noted. Similarly, there were no significant changes in the Dinamap-derived blood pressures (Table 2) .
Peripheral SphygmoCor Parameters
The operator index, which is an estimate of quality of the SphygmoCor derived waveforms, was above the recommended level with an average index of Ͼ80%. There were no significant interactions between arm and exercise intensity for peripheral systolic or diastolic blood pressure (Table 3 ). There was a significant main effect for arms in mean arterial pressure, which a post hoc t-test revealed to be significant at 5 and 1.5Isch. There was a significant main effect for arms in peripheral AIx between the conditions. However, post hoc t-test analysis showed no significance, although the difference between the arms at the 5-kg exercise intensity approached significance (P ϭ 0.052).
Central SphygmoCor Parameters Derived Using the GTF
There was a significant main effect for the arms for mean and systolic blood pressure. Post hoc t-test revealed significant differences for mean arterial pressure between the arms at 5 and 1.5Isch levels and for systolic blood pressure at 3 (Table  3 ). There was no significant interaction between arm and exercise intensity for central mean, systolic, and diastolic blood pressure.
There was a significant main effect for both arms and exercise intensity and a significant interaction for central AIx, with post hoc analysis showing a significant difference between arms at 3 and 5 ( Fig. 1 ). There was a significant main effect difference between the arms for HR (Table 3) . However, these changes were small with, on average, only a difference of 2-3 beats/min.
Peripheral Vascular Tone
The exercise protocol resulted in an incremental increase in brachial and radial artery blood flow that was evident in the exercised but not in the nonexercised arm (Fig. 2, A and B) . There was a significant main effect for arm and time, and a repeated-measures ANOVA on each arm separately showed a significant increase in flow with all exercise intensities in the exercised arm but not in the nonexercised arm.
DISCUSSION
To the best of our knowledge, the present study is the first to assess GTF-derived central pressure and AIx measures in subjects performing identical bouts of exercise, with assessments from the radial artery of either the exercised or nonexercised arm. Repeated exercise bouts of identical load should induce very similar changes in central hemodynamics. We therefore hypothesized that, if the GTF was reliable during exercise and unaffected by changes in peripheral vascular tone, then similar central measures should be derived regardless of whether assessments were made from the active or inactive Values are mean Ϯ SD. C, centrally derived using transfer function; P, peripheral; AIx, augmentation index; Ex, exercised; NonEx, nonexercised. P values are two-way ANOVA for main effects for arms (P value 1) and interaction effect (P Value 2). *Significantly different from exercised arm using paired t-test (P Ͻ 0.05). ANOVA results show significant main effects for arm (P ϭ 0.05) and time (P ϭ 0.02), and a significant interaction (P ϭ 0.02). Post hoc t-tests revealed significant differences at 3.0 (P ϭ 0.05) and 5.0 (P ϭ 0.02).
limb. The principal finding of our study is that central hemodynamic indexes assessed using radial tonometry (SphygmoCor device) were statistically different when derived from the exercising arm vs. nonexercising forearm. This finding suggests that indexes of central blood pressure and arterial stiffness calculated using pulse-wave analysis after tonometry performed on peripheral arteries may not be reliable under circumstances of altered peripheral vascular tone.
The GTF was originally intended for use under resting conditions. Previous studies designed to assess whether it remains valid during exercise have compared peripheral tonometry-derived central pressures to those directly assessed using catheters (12, 14) or estimated via carotid tonometry (10) . Although some of these studies have concluded that both central and peripheral hemodynamic measurements remain robust during exercise (4, 12) , others have suggested that exercise compromises the integrity of peripherally derived estimates of central pulsewave characteristics (10, 14) . Some studies have concluded that systemic large muscle group exercise, which increases arterial distending pressure and HR, is likely to modify the viscoelastic properties of the arterial wall in a manner that invalidates the underlying assumptions of the GTF (10). For example, the GTF not only assumes that the properties of upper limb arteries are identical between individuals but also that, within individuals, these properties are not altered by exercise.
The present study was specifically designed to compare measures derived within individuals from an exercised and nonexercised arm, following performance of identical exercise bouts that should induce similar changes in central pulse-wave characteristics. Our observation that measures of pressure and stiffness differ depending on whether the limb from which they are derived was involved in an exercise stimulus suggest that exercise alters the characteristics of conduit arteries in ways that may compromise the integrity of the GTF. This finding is consistent with a study at rest using applanation tonometry, which found that GTF-derived values became unreliable and had poor reproducibility in response to pharmacologically induced vasodilation using glyceryl trinitrate (9) . Despite glyceryl trinitrate having central hemodynamic effects, which we designed our study to avoid, the data of Paul et al. (9) nonetheless support our finding that the GTF may be compromised under conditions of altered peripheral function or tone.
Exercise is associated with complex intrinsic changes in arterial physiology as well as central hemodynamic changes in distending pressure and HR, which may also impact on vessel wall properties. In the present study, we utilized small muscle group exercise designed to modify local vasoactive properties, which is unlikely to cause any substantive central changes in arterial pressure or HR. We believe that we principally induced local vasodilation in the active forearm. This is supported by our findings that the protocol induced an increase in conduit and resistance artery blood flow in the active but not in the nonactive limbs. Our assessments of central hemodynamic changes, HR, and brachial blood pressure were not altered, suggesting that reflex changes in vasoregulation were unlikely. Nonetheless, we cannot exclude the possibility of some countervailing sympathetic vasoconstriction in the contralateral inactive muscle bed. In any case, changes in vessel wall properties we induced were intrinsic to the peripheral vasculature, since brachial blood pressures and HR did not change with the forearm exercise we utilized. The design of our study, therefore, adds to those that have previously investigated the validity of the GTF using whole body exercise. Such studies cannot distinguish between GTF limitations associated with changes in central hemodynamic vs. intrinsic effects of exercise on the vasculature. The present study suggests that at least some of the problems associated with GTF use during exercise relate to failure to account for intrinsic changes in artery wall properties.
We observed increased central AIx when measurements were taken from the exercised limb. The reasons for this are not entirely clear but are in line with some previous studies that have reported increases in AIx during forearm exercise (3, 5, 10) , probably due to increased sympathetic activity. This contrasts with other studies of whole body exercise, which have typically reported decreased AIx during exercise (7, 12, 13) . There may be numerous reasons for the differences reported between whole body exercise and local peripheral exercise, including the degree of sympathetic activation and vasoconstriction in inactive vessel beds or conversely vasodilation in the active beds (3) and changes in intrinsic wall properties related to local and systemic hormone release, which may differ with different exercise modalities and loads (10) . During whole body exercise, pulse pressure difference between the ascending aorta and peripheral (radial or brachial) is greatly amplified because of a higher relative increase in peripheral vs. central systolic blood pressure (12) with differences of Ͼ80 mmHg reported (11) . Consequently, peripheral pulse pressures used to measure central measures may be unreliable since they are subject to greater effects of pulse-wave amplification than central vessels (1). Our findings, involving exercise that did not alter brachial pulse pressure or HR, nonetheless suggest that exercise influences the GTF-derived central pressure indexes, likely due to intrinsic effects of exercise evident within the artery wall.
Limitations
As with most studies using peripheral arterial tonometry, we calibrated our SphygmoCor against noninvasive measurements, derived in this case using an automated oscillometric pressure monitor (Dinamap). Our estimates of central pressures may have therefore been influenced by errors in the assessment of peripheral pressure at the brachial artery. Although the accuracy of the values from the SphygmoCor are only as good as measures of blood pressure taken (8) , it should be noted that Dinamap-derived measurements did not differ or change with increasing exercise intensity, suggesting that there were little or no changes in central parameters. Another limitation of our study is that we cannot entirely rule out variation between repeat exercise bouts. However, we took great care to minimize any crossover effects. Subjects performed all measurements on the same day, with standardized time between repeat bouts that was sufficient for measures to normalize. Consequently, there was no difference between bouts with regard to food or drink intake or time of day effects. Although the optimal experimental design would involve simultaneous measurements using two identically calibrated machines, we opted to use the same machine to derive all of our measurements, and we assume it did not change across the 2-h study period.
In conclusion, despite what should have been very similar central hemodynamic responses to the identical bouts of exercise, central hemodynamic indexes derived from the peripheral radial artery using the SphygmoCor and a GTF differed significantly when derived from the exercising and nonexercising arms. These differences may be due to the impact of differences in vascular tone in the exercised vs. nonexercised limb, as demonstrated by altered blood flow patterns in the conduit and resistance arteries of the exercised limb. It is possible that changes in intrinsic properties of the vessel wall associated with exercise may compromise the assumptions underlying transfer functions used to derive central measures from applanation tonometry.
